Reinforced concrete structures may be vulnerable to progressive collapse due to lack of 7 sufficient continuous reinforcement. In most guidelines, general structural integrity 8 requirements to reduce progressive collapse have been introduced, but the design of structures 9 against progressive collapse has not been a major consideration. A mitigation scheme is 10 proposed to increase resistance against progressive collapse. This involves the provision of 11 additional reinforcement bars in the mid-layer of reinforced concrete beams. In the research 12 reported here, four specimens were designed and tested subject to quasi-static loading 13 conditions for a column removal scenario. One test specimen was made with conventional steel 14 reinforcement and three specimens were made with additional steel reinforcement at the mid 15 depth of the beam. The quasi-static behaviour of the test specimens were converted to a 16 dynamic representation using an energy balance approach to obtain the progressive collapse 17 load. Test results show that the proposed scheme significantly improves the ductility and 18 collapse load of concrete beams subject to a column removal scenario. 19
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INTRODUCTION 20
Progressive collapse is a situation where local failure is followed by collapse of adjoining 21 members, which in turn causes global collapse and can eventually result in great loss of life 22 and injury. Design of structures against progressive collapse has not been an integral part of 23 structural design [1] . However, General Service Administration [2] and Unified Facilities 24
Criteria Department of Defence [3] have suggested detailed requirements to reduce the 25 likelihood of progressive collapse by altering the load path. Structural resistance against 26 progressive collapse can be improved by increasing redundancy and continuity of the structure, 27 and ductility of structural members. Redundancy will allow the structure to redistribute the 28 load from the lost structural member to an alternative load path through the remaining structural 29 members. This can only be achieved through continuity of the structure and the provision of 30 adequate ductility. To achieve continuity in structural components, tie forces are required to tie 31 the elements together so that they act as one unit. In general code provisions, structural integrity 32 reinforcement is detailed to improve redundancy and ductility in structures [4] . 33
When one of the critical load bearing elements is damaged or removed, connecting spans 34 deflect until the rotational capacity provided by the adjacent beams or slabs is exhausted. Then, 35 catenary action may allow the beam to carry vertical loads at large displacements. Catenary 36 action is considered as the last line of defence for a structure to mitigate progressive collapse 37 when a load bearing element is removed or damaged. Regan [5] concluded that the successful 38 development of catenary action requires that the members in question possess not only tensile 39 strength but also ductility, which is largely determined by the detailing of longitudinal 40 reinforcement. The beam above a removed column undergoes three structural mechanisms: 41 flexural action (FA), compressive arch action (CAA) and catenary action. Initially, all beams 42 mobilize flexural action, which they are designed for and they are able to sustain the design 43 load. When a column is removed, the span of the beam increases and in most cases leads to 44 large deflection occurring in the beam. Compressive arch action, which enhances the flexural 45 strength at critical sections, can be mobilized in the presence of axial compression provided by 46 stiff lateral restraints [5] . At large deflections, catenary action can be mobilized. Orton [6] found 47 that catenary action will not begin until the beam has reached a deflection approximately equal 48 to the depth of the beam. 49
Existing buildings designed using design codes are prone to progressive collapse due to 50 insufficient robustness in concrete frames. Consequently, numerous researchers such as Choi 51
and Kim[7] , Sadek et al.[8] , Sasani and Kropelnicki[9] , Su et al.[10] , Yi et al.[11] , Yu and Tan [12] [13], Ren et al. [14] and Alogla et al.[15] have studied the structural behaviour of RC sub-53 assemblages subjected to column removal scenarios. Progressive collapse was studied 54 theoretically by Izzuddin et al.[16] , Xu and Ellingwood [17] and Li et al.[18] . The theoretical 55 investigations have resulted in simplified models to estimate the ultimate collapse load [16] . 56 Furthermore, researchers have been developing new methods to enhance the progressive 57 collapse resistance. For example, Izadi and Ranjbaran [19] and Hadi and Alrudaini [20] 58 proposed a scheme to resist progressive collapse by transferring the loads after column failure 59 by suspending vertical cables at the top to a steel hat braced frame. Orton [6] suggested 60 increasing the continuity of a beam by using carbon fibre reinforced polymer (CFRP). Yu and 61 Tan [21] suggested adding steel rebar layers at the mid-height of the beam section, using partial 62 hinges and partially de-bonding bottom reinforcement in the joint region. 63
From experimental studies [8, 9, 10, 11] , it was noticed that the top and bottom steel 64 reinforcements at beam ends and middle joint, are vulnerable for fracture in the event of 65 progressive collapse. Therefore, presence of additional steel layer will enhance the structural 66 integrity by absorbing the released energy due to the redistributed load. In addition, the 67 additional steel bars can increase the tying capacity of RC beams and tensile capacity in 68 catenary action when it is developed. 69
In this paper, an economical scheme is proposed to increase progressive collapse capacity by 70 adding two steel bars to the beam section throughout the beam length. In order to optimise the 71 best location for the added steel layer, these bars will be added at different elevations within 72 the beam section. The proposed scheme is easy to implement and will stand as an integral part 73 of the structure, which allows for other structural members to function without any restrictions. 74
In order to validate the proposed scheme, an experimental study of structural response of four 75 RC sub-assemblages under a column removal scenario (CRS) were conducted and are 76 presented here. 77
EXPERIMENTAL PROGRAM

78
A series of experiments were carried out to investigate progressive collapse resistance 79 mechanisms and their capacities for RC beam-column sub-assemblages under CRS. In 80 addition, the program studies the effect of the proposed mitigation scheme on progressive 81 collapse resistance at compressive arch action and catenary action. Figure 1 shows the effect 82 of column removal on a typical building. As seen in Figure 1 , the bending moment significantly 83 increases (approximately 4 times) due to doubling the span. Furthermore, the moment over the 84 missing column reverses direction, positive where the beam was designed for negative 85 moment. All these changes may not be considered in conventional design. 86 87 Figure 1 : Moment distribution of a typical structure before and after column removal 88 89
DESIGN OF SPECIMENS 90
The specimens were designed to be extracted from the middle of a multi-storey, multi-bay 91 frame building. Figure 2 shows part of a structure with the shaded area being directly affected 92 by a removed column which represents the test specimen. A prototype frame building was 93 designed and detailed according to for non-seismic regions. The specimen 94 was then scaled down to one-half of the prototype frame. In order to avoid the failure of the 95 end support and focusing on structural mechanisms of the beam, the two end beam column 96 stubs were enlarged to provide sufficient stiffness for the beam. Therefore, they had a much 97 larger sectional size and provided an adequate space in which the longitudinal reinforcement 98 could be well anchored. Figure 3 shows the dimensions and detailing of a typical specimen. 99
The experimental program comprised the testing of four specimens: three specimens included 100 the proposed new scheme and one specimen was constructed with conventional reinforcement 
PROPOSED SCHEME 110
Utilizing catenary action to provide a structure with greater load capacity than FA and CAA is 111 one of the best options to mitigate progressive collapse of buildings. The catenary action 112 mechanism requires that the concrete beam has significant continuity, ductility and sufficient 113 tensile strength in the beam-column joint connection, which depends on the detailing of steel 114 reinforcement. In order to provide a beam and joint with the required continuity, ductility and 115 redundancy, the scheme proposes to add two additional longitudinal bars at different elevations 116 of the beam section as shown in Figure 4 . Figure 5 shows a schematic plot for the loading test rig. To simulate the axial horizontal 129 restraint for the beams, the ends of the specimens were connected to a steel frame by two load 130 cells at each end, and these load cells were used to measure the horizontal forces that developed 131 through the specimen during the test. In the vertical direction, a hinge roller support was used 132 to restrain each end of the specimen. The hinge roller support reduces the effect of the vertical 133 reaction on the horizontal reaction i.e. the vertical and horizontal reactions will be independent 134 of each other. 135
The load cells used to measure the reactions in the horizontal direction had a capacity of 136 250kN in both tension and compression. The load was applied at the top of the middle joint 137 using a hydraulic actuator with displacement control until total failure of the specimens. An 138 actuator with a built-in load cell was attached into a steel frame fixed into the strong floor of 139 the laboratory. A steel plate and roller was used to support the bottom of each of the end column 140 stubs. Because of the slenderness of the specimens, a lateral steel restraint was provided near 141 the centre of the specimens to prevent out-of-plane movement as shown in Figures 5 and 6. 142
The testing frame was designed to provide adequate lateral stiffness to resist the expected 143 compressive and tensile forces during CAA and catenary actions without frame failure. The 144 stiffness of the lateral supports was at the level of 10 5 / ,which evaluated based on the 145 test rig design. 146 147 Figure The RC sub-assemblage specimens were mounted with measuring instruments both internally 155 and externally. The load imposed by the actuator was measured using an in-built load cell, 156 which was connected in series with the hydraulic actuator jack. Seven external linear variable 157 differential transformers (LVDT) were arranged to measure vertical displacement along the 158 length of the specimens. Four load cells were attached to the column stubs at the ends of 159 specimen to measure axial forces developed during the tests. These load cells have the ability 160 to measure tension and compression forces. The load was applied using a hydraulic actuator jack with a monotonic loading regime until 175 total failure of the specimens. During the test, all reaction forces at each side (indicated as H1 176 and H2 in Figure 7) were measured using load cells, and the applied load was measured using 177 the in-built load cell of the actuator. The displacement of the middle joint (MJD) and along the 178 length of the beam was measured using LVDT's as shown in Figure 7 . Therefore, the beam 179 deflection at each load step could be determined, and axial forces developed through the beam 180 could be calculated for each deflection value corresponding to each load step. In addition, strain 181 gauges attached to the steel reinforcement were used to measure the strain in the steel bar at 182 each load step. These strains can be converted into stresses and then to forces, which indicate 183 the development of each resisting mechanism such as compressive arch action and catenary 184 action. 185
The test data and results were collected and recorded simultaneously at a sampling rate of 1.0 186
Hz using an MTS data acquisition system. Relationships of MJD, horizontal reactions (axial 187 forces) and bar strains are plotted for each magnitude of applied load for all specimens. 188
189
MATERIAL PROPERTIES 190
The construction of the specimens was divided into two batches. Two specimens were cast in 191 each batch. For each specimen, three concrete cubes of dimension 100 x 100 x 100 mm were 192 sampled, during the process of casting, to obtain concrete compressive strength. One cylinder 193 of dimensions 300 mm height and 150 mm diameter was sampled and tested to obtain the 194 modulus of elasticity. Also one prism of dimension 400 x100 x 100 mm was sampled to obtain 195 the modulus of rupture. The compressive strength tests were carried out in accordance with 196 BS1881-116, 1983 . The modulus of elasticity testing carried out in accordance with 197 ASTM, C469-02 [24] . 198 According to the specimen design, the targeted concrete compressive strength at 28 days was 199 28 MPa, the average value of tested cubes was taken as listed in Table 1 . For steel reinforcing 200 bars, three samples of longitudinal bars were tested in tension. Steel reinforcement properties 201 are listed in Table 2 . 202 In this section, experimental test results will be presented and illustrated at both global and 209 local levels. Test results at the global level include the relationships between applied load and 210 MJD, axial forces vs. MJD, failure mode and crack pattern. Axial forces were taken as the 211 average of axial forces at both ends of the specimen. Test results at the local level include the 212 relationship of rebar strains at critical sections with MJD. Moreover, test results have been 213 differentiated and categorized according to the resistance mechanism for three stages: flexural, 214 compressive arch action and catenary action. 215
For a building, "global" refers to the whole structure of the building system, while "local" 216 refers to each structural member individually. For this section, "global" refers to the structural 217 behaviour of the specimen, while "local" refers to the internal forces that developed during the 218 test. 219 220
TEST RESULTS AT GLOBAL LEVEL 221
The overall structural behaviour of RC specimens is described by the relationships between the 222 applied load against vertical deflection and the axial forces developed against vertical 223 deflection. The deflected shape of the specimens can be illustrated by the deflection at specific 224 points along the length of the beam at different stages of loading. Figure 9 shows the deflected 225 shape curves of the specimens at specified load steps. Based on the relationships of the applied load and the MJD of the specimens, the classification 242 of three different mechanisms, flexural action, compressive arch action and catenary action, is 243 shown in Figure 10 . The overall trends of the load-displacement relationships for the specimens 244 were quite similar despite having different steel detailing and minimal differences in concrete 245 strengths, which results in different flexural capacity as can be seen from Figure 10 . The peak 246 flexural capacities were 34.0, 37.9, 37.2 and 36.7 kN for SS-1, SS-2, SS-3 and SS-4 247 respectively. After the peak loads were reached, plastic hinges were developed and bar fracture 248 occurred. The abrupt large drops in the applied load shown in Figure 10 specimens. Within compressive arch action, the applied load for all specimens was larger than 256 specimen SS-1 by at least 8% for SS-4, and the peak applied load for specimen SS-2 was the 257 largest. At the catenary action stage, the applied load for all specimens was larger than 258 specimen SS-1 by at least 77% and the peak applied load for specimen SS-3 was the largest. 259
This indicates that the effect of the middle layer on catenary action was greater than its effect 260 on CAA. In other words, the additional middle layer is beneficial for an increase in tying 261 capacity of the RC structures rather than flexural capacity. The final MJD for all specimens was larger than that for specimen SS-1 and the largest MJD was for specimen SS-3. This means 263 that the additional steel bars can increase the rotational capacity for RC specimens and the 264 optimum result can be obtained by placing the middle layer at a distance ( − ′ )/4 from the 265 centre of the bottom bars. 266 Figure 11 shows the distribution of axial forces within the specimens. Within CAA, the axial 267 forces developed were close to each other for all specimens. Transition points from CAA to 268 catenary action ranged from 254 mm to 283 mm for SS-3 and SS-2 respectively. Due to the 269 presence of additional longitudinal steel bars, the axial tension forces increased significantly. 270
As listed in table 3, tensile force for specimen SS-3 was the largest, and it was more than twice 271 the tensile force for specimen SS-1. Based on that and among the three locations of the Table 4 demonstrates a comparison with the specimen SS-1 to investigate the effect of these 283 additional steel bars. It can be seen that with additional steel bars at the middle, the CAA 284 capacity was 12% greater than for specimen SS-1. The largest increase at catenary action was 285 109% for specimen SS-3 compared to specimen SS-1. This indicates that the additional steel 286 bars at the bottom quarter of the section can significantly increase progressive collapse capacity 287 at catenary action. 288
289
In order to obtain progressive collapse capacity for each specimen, the non-linear static 290 structural behaviour, which we will term 'quasi-static response', should be converted into non-291 linear dynamic behaviour. The proposed approach by Izzuddin et al. 2008 [16] was used to 292 obtain progressive collapse capacity. This approach is based on energy equilibrium, which 293 states that for the structure to be stable, the work done by applied gravity loads should be equal 294 to the energy absorbed by the structure. In other words, the structure should have enough strain 295 energy supply to absorb any energy demand caused by sudden loss of vertical support. In this 296 approach, the effect of damping was neglected because the event of progressive collapse occurs 297 in a very short time and the damping consumes little energy. Material strength enhancement 298 due to strain rate, which is usually expressed in the form of a dynamic increase factor (DIF) is 299 neglected in this approach. Yu et al. [25] concluded that the DIF is small and can be 300 conservatively ignored for column removal scenarios. The converted non-linear dynamic 301 behaviour is called the pseudo-static structural behaviour. Figure 12(a) shows both static and 302 pseudo static responses for SS-1. For a given dynamic deflection the applied dynamic load 303 can be obtained by equating the two hatched areas, which represent external work ( × 304 ) and strain energy ( ∫ ( ) ) 0 . Pseudo-static structural behaviour can be obtained by 305 repeating the process for each dynamic deflection. The accuracy of this approach has been 306 validated by Tsai[26] . 307 Table 4 : Applied loads compared to specimen SS-1 308 309 Figure 12(b) shows the pseudo-static structural behaviour of all specimens. The overall trends 310 of the specimens were similar, but with different peak load values. With the exception of 311 specimen SS-1, catenary action was able to increase the progressive collapse capacity. The 312 largest enhancement was 67 % at catenary action stage for specimen SS-2. 313 Table 5 lists the peak loads with their corresponding deflections and the ratio of enhancement 314 of catenary action stage. The lowest first peak was 25.9 kN for specimen SS-4 with lowest 315 
CRACK PATTERN AND FAILURE MODE 330
The overall crack pattern and failure mode for the specimens were quite similar. At the flexural 331 action stage, the cracks were concentrated at the beam-column joint interfaces, which are 332 mainly caused by bending moments at these sections. Cracks developed during flexural action 333 with the presence of compressive arch action beginning from the extreme tension face of the 334 concrete, running vertically through the beam section and terminating at the location of the 335 neutral axis. As the applied load increased, the neutral axis moved towards the compression 336 face until the concrete crushed at the extreme surface in the compression zone. In contrast to 337 flexural action, cracks during catenary action, started to develop throughout the beam length 338 and passed completely through the beam section. With the increase of the applied load, wide 339 cracks and bar fracture occurred at the beam-column joint interfaces. 340 It is worth mentioning that the cracks at catenary action were uniformly distributed along the 344 beam length and that a large slip between the steel bars and concrete was observed at the beam-345 column joint interfaces. Figure 13 shows the crack pattern of specimen SS-1 at flexural action. 346
It shows clearly the flexural cracks that developed at the beam-column joint interfaces. Figure  347 13 shows the crack pattern of specimen SS-1 at catenary action, which shows a uniform 348 distribution of the cracks along the beam length. stages. Strain readings were converted into bar forces by multiplying the strains by the steel 371 modulus of elasticity and the area of the bar. Converted bar forces were plotted against the 372 MJD for each specimen. 373 Figure 15 shows the relationship between bar forces and MJD for specimen The designations FT, FB and FM refer to the force of the top, bottom and middle bars 375 respectively. For specimen SS-1, the transition in bar forces from compression to tension at 376 sections 1 and 3 occurred at a deflection which was more than the deflection of the onset of 377 catenary action for the specimen at global behaviour. The top bar force transition occurred with 378 the fracture of the bottom bar and vice versa. It can be seen from Figure 15 Figure 16 shows bar forces for each section at different stages of loading. These stages were 395 chosen to represent each of the resisting mechanism phases. It should be mentioned that after 396 fracture of some bars, residual strains remain, which are reflected as bar forces in the curves.
As shown in Figure 16b , for SS-1 at the catenary action stage, the bar at sections 2 and 3 was 398 fractured and the values of the curve should be equal to zero. 399
It can be seen that both bars contribute to the tension forces developed at the catenary action 400 stage. The change in the top and bottom bar forces during compressive arch action was smaller 401 than the change in forces during catenary action, as can be seen from Figures 16a and 16b Ultimate deflection, , can be calculated based on the total elongation of steel bars that can 441 occur at the end of catenary action. Based on the assumption that the bar elongation is 442 concentrated in the plastic hinge region, and the plastic hinge length model proposed by 443 Mattock [28] , the elongation, ∆ for each bay beam with two plastic hinges, can be obtained 444 as follows (equation 5): 445 ∆ = 2 (5) 446
Where is the ultimate steel strain, is the plastic hinge length. According to Mattock, = 447 0.5 + 0.05 , where z is the distance from the point of maximum moment to the point of zero 448 moment. From figure 18(b) , can be obtained as follows: 449 = √ 2 2 − 2 (6) 450 2 = 1 + (7) 451 1 = √ 2 + ( − ′ ) 2 (8) 452
Where, 2 is the final length of the bay beam at catenary action, L is the beam bay length, 1 is 453 the beam length at the fracture of the steel bars, is the beam effective depth, and ′ is the 454 distance from the extreme compression fibre of concrete to the centroid of compression 455 reinforcement. 
